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An Analytical Approach to Fire Engineering Design of
Concrete Structures

By Y. Anderberg, S.E. Magnusson, O. Pettersson, S. Thelanders-
son, and U. Wickstrom

Synopsis: The principles are presented for the main types of the dif-
ferentiated, structural fire engineering design systems, in practice at
present or anticipated to be applied in the future. Such design systems
are generally based on real fire exposure characteristics, given by the
gastemperature-time curves of the complete fire process and specified
in detail with respect to the influence of fire lcad and the geometri-
cal, ventilation and thermal properties of the fire compartment. The
design procedure can be in its entirety analytical or combined anmalyti-
cal and experimental. In the latter case, real fire exposure conditions
can be transferred to the heating conditions according to the standard
fire resistance test via the concept equivalent time of fire duration.
Starting from the present state of knowledge, the possibilities are
discussed for a practical application of a complete anaiytical, diffe-
rentiated design in regard to fire exposed, reinforced and prestressed
concrete structures. Finally, the various sources and kinds of uncer-
tainty in the differentiated design procedure are briefly dealt with
within the framework of the structural fire safety problem.

Keywords: fire ratings; fire resistance; fire tests; heat transfer;
prestressed concrete; reinforced concrete; structural design; thermail
properties

409



410 Anderberg, ot al.

Yngve Anderberg, Dr. Techn., research assistant, Sven Erik Magnusson,
Dr. Techn., research assistant, Ove Pettersson, Dr. Techn., Prof..

Sven Thelandersson, Dr. Techn., lecturer, and U1f Wickstrdm, research
assistant, are members of the fire research group at the Division of
Structural Mechanics and Concrete Construction, Lund Institute of
Technology, Sweden. The research group is internationally active within
CECM, CIB, FIP, and ISO.

INTRODUCTION

The internationally prevalent fire engineering design of buildings
and elements of building construction is characterized by a schematic
procedure, based on ciassification system and a connected standardized
fire test with fixed heating conditicns. In the practical design, the
results of such classification tests directly are to be compared with
the corresponding reguirements, specified in the buiiding codes and
regulations.

Fig. T illustrates the design procedure. For different applications,
the codes and regulations are giving the reguired time of fire duration
irgs for which the structure has to fulfil its load-bearing function.
Tge fire duration time ordinarily depends on the occupation, the height
and volume of the building, and the importance of the structure or the
structural memeber. The design comprises a proof that the structure
has & fire resistance time tfp, determined in the standard fire resis-
tance test /1/. which exceeds the fire duration required, At the test,
"the test Tead conventionally is put equal to the design load at service
state.

Internationally. the standard fire resistance test /1/ according to
IS0 834 is considered to be one of the fire test metheds most thoroughly
dealt with. In spite of this, the fire resistance test can be serjously
criticized. In its present form, the test procedure is insufficiently
specified in several respects, for instance concerning the heating and
restraint characteristics. the environment of the furnace, and the
thermocouples for measuring and regulating the furnace temperature
/2. 3, 4, 5, 6, 7, 8, 9/. Consequently, a considerable variation can
arise in fire resistance for one and the same structure or structural
member, when tested in different fire engineering laboratories with
varying furnace characteristics and varying practice, as cencerns the
support and restraint conditions of the test specimens.

Some countries now are permitting a classification of load-bearing
structures with respect to fire exposure to be carried out analytically.
This leads te a design procedure according to Fig. 2. The theoretical
determination of the fire resistance time of the structure tg,. then is
to be based on the gastemperature-time curve, specified for the stan-
dard fire resistance test and given by the formula
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Tt - TO = 34510910 {8t +1) (1}
where

t = time, in minutes,

Ty = furnace temperature at time t, in o,

To = furnace temperature at time t = 0, in "C.

With the’gastemperature-time curve as basic information, the tempe-
rature-time fields of the fire exposed structure can be calculated,
using

(1) the structural characteristics of the proposed structure,

(2} the thermal properties of the structural materials, and

(3} the coefficients of heat transfer for the various surfaces of the
structure

as further input data. Introducing

(4} the mechanical properties of the structural materials, and
(5} the load characteristics

then the time variation of the restraint forces and moments, thermal
stresses and Toad-carrying capacity can be determined. The time, at
which the 1oad—carrying capacity has decreased to the level of the
design Toad at service state, defines the time of failure or the fire
" resistance time tg, and the design criterion to be satisfied is, that

tfr > tfd

The schematic character of the prevalent design system together
with its great simplification of the fire exposure frequently prevents
structural solutions satisfying reasonable requirements on economy and
well-defined safety levels. A successive replacement of the system with
Togically built, differentiated design systems, based on real fire ex-
posure characteristics, then has a high priority. A derivation of such
fire engineering systems is also in agreement with the present trend of
development of the building codes and regulations in many countries
towards an increased extent of functionally based requirements and
performance criteria.

In the last ten years, several functicnally based, differentiated de-
sign methods have been published, as concerns fire exposed load-
bearing structures. Mainly, these methods can be referred to one of

two different groups with respect to the use of the basic data of the
process of fire development. The methods of the first group are charac-
terized by a design procedure, directly based on differentiated gas-
temperature~time curves of the complete process of a real fire develop-
ment, specified in detail with regard to the influence of the fire load
and the geometrical, ventilation and thermal properties of the fire
compartment. Characteristic for the methods of the second group is a
design procedure with the varying properties of a real fire development
taken into account over an equivalent time of fire duration, connected
to the heating according to the standard temperature-time curve, Eq.{1).
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In the following, the principles are dealt with for the main types
of the differentiated, structural fire engineering design system, in
practice at present or anticipated to be applied in the future. The
possibilities are discussed for a practical application of a direct,
differentiated, analytical design in respect to fire exposed, reinforced
and prestressed concrete structures. Finally, some comments are given
on probabilistic methods and the structural fire safety.

PRINCIPLES OF A DIRECT, ANALYTICAL, DIFFERENTIATED
STRUCTURAL FIRE ENGINEERING DESIGH

For load-bearing structures and structural members, inside a fire
compartment, a direct differentiated fire engineering design comprises
the following steps, Fig. 3 /310, 11, 12, 13, 14/.

The basis is given by a fully developed compartment fire exposure.
Decisive entrance quantities are

(1) the nominal Toad and load factor for the fire load density,
(2) the combustion properties of this design fire load,

(3} the size and geometry of the fire compartment,

(%) the ventilation characteristics of the fire compartment, and
(5) the thermal properties of ‘the structures enclosing the fire
compartment.

Jointly, these quantities determine the rate of burning, the rate
of heat release, and the design gastemperature-time curve of the com-
plete fire process. Together with

(6) the structural data of the proposed structure,

(7) the thermal properties of the structural materials, and

{8) the coefficients of heat iransfer for the various surfaces of the
structure

this design gastemperature-time curve gives the requisite information
for a determination of the transient temperature fields of the fire
exposed structure. With

(9) the mechanical properties of the structural materials, and
(10) the load characteristics

as further entrance quantities, then a determination can be carried out
of the time variation of the restraint forces and moments, thermal
stresses, and Toad~carrying capacity R. The Towest value of this load~
carrying capacity of the structure during the complete fire process
defines the design load-carrying capacity R4.

Over nominal loads and Toad factors for dead load. Tive load, etc,
statistically representative of & fire occasion, a design load effect
at fire 53 is defined, interdependent on non-fire design procedure.

A direct comparison between the design load-carrying capacity Rg
and the design load effect at fire Sq decides whether the structure
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can fulfil its required function or not at a fire exposure.

For buildings containing activities, which are particularly impor-
tant from, for instance, an economical point of view, there can be the
motive for requiring that the building can be used again after a fire,
almost immediately or very soon, for the current activities in a full
extent. If the fire engineering design also comprises such a require-
ment on re-serviceability of the structure after fire, the design pro-
cedure is to be expanded as follows.

From the time curve of the load-carrying capacity R, the design
residual load-carrying capacity Rpg of the structure after fire is
obtained as an end information. This quantity Rn.g has to be compared
with the design Joad effect at service, non-fire, state on the struc-
ture Sp.4, given by the corresponding nominal loads facters for dead
load, Yive load, etc.

Generally, as concerns the Toad factors applied to the nominal
values of fire load density, live load and dead toad, etc, these ought
to be derived in a statistically consistent way toc match a given safety
level, defined by, Tor instance, a safety index /13/.

A direct, analytical, differentiated design according to Fig. 3 can
be carried through in practice today in a comparatively general extent
for fire exposed steel structures. The practical application then is
facititated by the availability of a manual /12/, comprising a compre-
-hensive design basis in the form of tables and diagrams which directly
are giving the maximum steel temperature for a differentiated, complete
process of fire development and the corresponding design load-bearing
capacity. The manual has been approved for a general practical use in
Sweden by the National Board of Physical PTanning and Building.

In comparison with steel structures, fire exposed reinforced and
prestressed concrete structures generally are characterized by an
essentially more complicated thermal and mechanical behaviour. In
conseguence, the basis of an analytical, differentiated, structural
fire engineering analysis and design is considerably more inclomplete
for concrete structures - cf, for instance, /14, 15/. This will be
commented on in greater detail in a subsequent chapter.

COMBINED ANALYTICAL AND EXPERIMENTAL DESIGN METHODS,
- BASED ON REAL FIRE EXPGSURE. EQUIVALENT TIME OF
FIRE DURATION

In those cases, at which the present state of knowledge does not
enable a complete analytical, differentiated structural fire engineer-
ing design to be carried out, the concept equivalent time of fire dura-
tion can a useful implement. Generally, the concept has been introduced
as a mean for a direct translation from a real fire exposure to a cor-
responding heating according to the temperature-time curve of the stan-
dard fire resistance test, Eg. (1), and vice versa, Depending on the
type of design probiem to be dealt with and the Tevel of accuracy in-
tended, the character of the concept will vary.
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If the available design basis permits a theoretical determination
to be performed, as concerns the transient temperature fields but not
the design load-carrying capacity of a fire exposed structure, it can
be motivated to use a differentiated form of the eguivalent time of
fire duration concept /11, 12, 16/. Such a definition of the concept
is exemplified in Fig. 4, applicable to, for instance, such types of
reinforced concrete structural members for which the strength and de-
formation properties of the reinforcement at elevated temperatures form
the decisive failure criterion. In the figure, the full-line curves
are showing the time variation of the gastemperature T{ and the tension
reinforcement temperature Tg corresponding to a real fire exposure,
determined by the fire load density, and the geometrical, ventilation
and thermal properties of the fire compartment. The dash-Tine curves
are giving the standard furnace temperature~time variation according
to Eq. (1) T and the corresponding time curve of the temperature of
the tension reinforcement TE. A transfer of the maximum reinforcement
temperature for the real fire exposure TL,, to the curve 13 determines
the equivaient time of fire duration t,.

Determined in this way, the equivalent time of fire duration ta de-
pends cn the parameters, influencing the process of fully developad
Tires, as well as on a number of structural parameters - for a vein-
forced concrete beam of rectanguiar cross section: the height and the
width of the cross section, the distance from the layer of reinforce-
ment to the fire exposed surface, and the resyltant emissivity; Fig.

5 /11/.

The way of applying the concept equivatent time of fire duration,
principally defined in conformity to Fig. 4, in a differentiated,
structural fire engineering design is shown summarily in Fig. 6. As for
a compiete analytical design, the design procedure starts by a theore-
tical determination of the rate of burning and heat release, the de-
sign gastemperature-time curve of the complete fire process. and the
transient temperature fields of the structure or structural member at
real fire exposure conditions. Using the gastemperature-time curve ac-
cording to the standard fire resistance test as an input infermation,
then the connected transient temperature fields of the structure or
structural member are determined theoretically. A transfer of the de-
sign temperature state for the real fire exposure - e.g. the maximum
temperature of the fension reinforcement - to the same temperature
state for a thermal exposure according to the standard fire resistance
test, gives the equivalent time of fire duration tg. The last part of
the design is to be carried out experimentally. It comprises a deter-
mination in a standard fire resistance test of the Tire resistance
time tfp for the structure, acted upon by the design load effect at
fire. Finally, & direct comparison between tf,. and t, decides whether
the structure can fulfil its reguired function or not at a fire.

If the existing state of knowledge does not permit a theoretical
determination of either the transient temperature fields or the design
Toad-carrying capacity of the fire exposed structure, the translation
from a real fire exposure to the thermal exposure according to the
standard fire resistance test must be based on a more rough form of the
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concept egquivalent time of fire duration. At such circumstances, the
equivalent time of fire duration t, can be differentiated anly with
respect to the characteristics of %he fire process and not with respect
t0 the structural parameters. This way of applying the eguivalent time
of fire duration has been introduced by Law /17/, and Thomas Heselden
/18/. A similar, somewhat more generalized approach is presented in
/11, 16/, Fig. 7 illustrates the structural fire engineering design
connected to this form of the equivalent fire duration concept.

In a Tong-term perspective, the direct, analytical, differentiated
fire engineering design according to Fig. 3 can be seen as the final
goal of the current development. The design procedure according to
Fig. 6, using an accurate form of the equivalent fire duration concept,
represents an indirect method with an equivalent degree of differentia~
tion as the direct method, defined by Fig. 3. For a practical applica-
tion, both methods require the availability of design diagrams and
tables in about the same extent. An advantage of the design method ac-
cording to Fig. 6 is a better adaption for a direct use of data from
standard fire resistance tests. In favour of the design method according
to Fig. 3 are speaking better possibilities of dealing with the detailed
functional behaviour of the structure with regard to different types
of fracture and varying load Tevel and degree of restraint. This method
also is more suitable for taking into account such influences as tem-
perature-time dependent basic characteristics of the structural mate-
rials and of the details of the structure - for instance, effect of the
disintegration of the materials, enlarged short-time effect of creep '
and shrinkage, effect of crack formation and spalling, strength of
fastening devices for different types of insulation, rate of increase
in the depth of the charred layer at timber structures. The direct ana-
Iytical design procedure, as described in Fig. 3, also is in better
agreement with the development in progress of the building codes and
regulations towards an increased extent of functionally based require-
ments and performance criteria, Indirect design methods of the type
given in Fig. 7 and based on a less accurate equivalent fire duration
concept are now introduced in serveral countries. Undoubtedly, this
implies an essential step forward in comparison with the schematic fire
engineering design according to Fig. 1 and 2, prevalent at present. In
spite of this, indirect design methods according to Fig. 7, related to
real fire exposure characteristics in a very rough way, should be re-
stricted to be only temporary solutions in the long-term development.

. COMMENTS ON A DIRECT, ANALYTICAL, DIFFERENTIATED
DESIGN OF FIRE EXPOSED CONCRETE STRUCTURES

In what follows, the main steps of a direct, analytical, differen-
tiated fire engineering design according to Fig. 3 will be discussed
and commented on, primarily as concerns the possibilities of a practical
application to fire exposed, reinforced and prestressed concrete struc-
tures. The treatment will be limited to the thermsl and structural be-
haviour during the fire exposure, i.e. the residual state and post fire
behaviour of the structures will be left out, A state of art report on
post fire behaviour of concrete structures is given in /19/. :
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Fire Load Density and Process of Fire Development in a Compartment

At known combusticn characteristics, the gastemperature-time curve
of a fully developed compartment fire can be calculated in the indivi-
dual practical application from the heat and mass balance equations of
the fire compartment with regard taken to the size, geometry and venti-
lation of the compartment, and o the thermal properties of the struc-
tures enciosing the compartment - Fig. 8 /12, 20, 21, 22, 23, 24/.

Provisionally, an analytical, differentiated Fire engineering de-
sign of load-bearing structures can be based on the gastemperature-
time curves Ty-t according to Fig. 9 /12, 14, 16, 20/, which applies
to a fire compartment with surrounding structures made of a material
with a thgrma? conductivity » = 0.81 H/m9C and a heat capacity pcp =
1.67 W/m*0C {fire compartment, type A}). Entrance parameters of'tﬁe
diagrams are the fire load density g, defined by the formula

q= %;‘z mH, (M/md) - (2)

and the ventilation characteristics of the fire compartment, expressed
by the opening factor A¢h/At (m1/23y, where

A = total area of window and door openings (mz),

f = mean value of the heights of window and door openings, weighed
with respect to each individual opening area (m),

A= total interior area of the surfaces bounding the compartment,
opening areas included (mé),

m,= total weight of combustible material v (kg), and

Hy= effective heat value of combustible material v of the fire load

(MI/kg).

Fire compartments with surrounding structures of deviating thermal
properties can be transferred to fire compartment, type A, via ficti-
tious values of the fire load density gf and the epening factor
(Ah/Ag)e, see /12, 14, 16/. -

For a determination of the opening factor, when the fire compart-
ment also comprises horizontal openings, reference is given to /12, 20/

H ol

It should be stressed that the gastemperature-itime curves accor-
ding Lo Fig. S .generally have been determined on the assumption of
- ventilation controlled fires. As a consequence, the curves are not
intended to be used directly for theoretical comparisons with, for
instance, experimentally obtained results from wooden crib compariment
fires of strongly marked fuel bed contrelled type. One principal reason
for chosing ventilation controlled fire characteristics as a general
assumption for the determination of the design curves in Fig. 9 is
dictated by the great difficulty in finding representative values of
the free surface area and the porosity properties of real fire loads
af furniture, textiles, and other interior decorations, which are
essential parameters for a combusticn description of a fuel bed control-
ied fire but of minor importance for the development of ventilation
controiled fires. Another principal reason is related to the fact that
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the gastemperature-time curves themselves do not constitute the primary
interest of the problem in this connection but an intermediate part of
a determination of the decisive quantity, viz. the minimum load-bearing
capacity of the fire exposed structure during a complete fire process.
For fuel bed controlled fires, the assumption of ventilation control
leads to a structural fire engineering design which will be on the safe
side in practically every case, giving an overestimation of the maximym
gastemperature and a simultaneous, partly balancing underestimation of
the fire duration. For the minimum Toad-bearing capacity, the gastem-
perature-time curves according to Fig. 9 give reasonably correct re-
sults, verified in /12, 13, 22/.

Thermal Properties and Transient Témperéture Fields at Fire Exposure

A theoretical determination for the transient temperature fields
of a fire exposed concrete structure requires a thorough knowledge of
the relevant thermal properties - the thermal conductivity A and the
specific heat ¢, alternatively the enthalpy I, connected to the spe-
¢ific heat p tﬁrough the relation

T .
I= dT 3

.gcp {(3)
where

T = temperature

For normal weight concrete the thermal conductivity a decreases
with increasing temperature. This is illustrated for a granite aggre-
gate concrete in Fig. 10 /25/ which also shows the A variation under
cooling from different maximum temperature Tevels. The curves are
demonstrating the difference in temperature dependence of the thermal
conductivity for an initial heating process and a subsequent cooling
process. This difference has to be taken into account in a theoretical
fire engineering design, especially in calculating the residual state
of a concrete structure after a fire exposure.

_The influence of moisture on the thermal conductivity of concrete
presents special difficulties. This is relevant for temperatures
within the range up to 200 C. Well-defined measurement of A for moist
material in this temperature range are difficult to undertake due to
the complicated interaction between moisture and heat flow.

As concerns the enthalpy of concrete, available methods of mea-
surement only can give this quantity versus temperature under cooling.
The Tatent heat of various reactions taking place under the initial
heating then is not included. Curve (:) in Fig. 11 shows the enthalpy
Iy per unit volume in this way /26/. Curve gives that variation
o¥ the enthalpy which can be expected during heating of concrete
without free moisture. The curve has been determined theoretically on
the basis of stochiometric calcuTations and simplified assumptions on
the chemical reactions /27/. A significgnt difference between the two
curves exists for temperature above 500°C
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The most important modification of the enthalpy curve measured
under cooling, however, is due to the presence of evaporable water. As
long as experimental evidence is lacking, the influence of moisture on
the enthalpy has to be included in a simplified way in calculating the
temperature~time fields at fire exposure. Usually, tgen it is assumed
that all the moisture "boils" at the temperature 700 C with the required
heat of evaporation giving a discontinuous step in the enthalpy curve
at this temperature. Such a simplification also gives acceptable results
for most practical purposes.

In reality, the evaporation of meisture in fire exposed concrete
is not comparable to that of a free water surface. Capillary forces,
adhesive forces, and interior steam pressure will increase the tempe-
rature, when the evaperation takes place. Ir a fire exposed concrete
structure, the moisture distribution is changing continuvousiy during
the heating. Principally, it is then not correct to inciude the effect
of free moisture into the thermal properties.

Available methods for a calculation of the transient heat flow
within a fire exposed structure are based on the Fourier equation of
" heat conduction in non fransparent, non porous materials.

In application to concrete structures, this eguation constitutes an
approximation of the problem. Concrete is classed as a porcous material
which implies that a heat transfer occurs also by convection and radia-
tion.in the pores of the materfal. Furthermore, the heat transfer is
connected to a simultaneous moisture transport and from a strict thermo-
dynaimical point of view, these two transport mechanisms have to be ana--
lyzed paralleily over a system of partial differential eguations.

For a practical determination of the temperature-time fieids in
fire exposed structures, numerical methods have been developed and
arranged for computer calculations. Such numerical methods are based
either on finite difference /15, 26, 28/ or on finite elemeni approxi-
mations /29/. The methods have o start out from approximations of the
thermal properties at elevated temperatures according to above. The
methods are opening the possibilities for systematic determinations of
the temperature-time fields for varying conditions of fire exposure and
varying structural characteristics, giving a basis in the form of dia~
grams and tables Tor facilitating a differentiated fire engineering
design in practice. The temperature in different points of the cross
section of a fire exposed concrete structure, then can be calculated
with sufficient accuracy without modeling the reinforcement of the
cross section, if the percentage of the rernforc1ng steel is Tess than
about 4 per cent /28, 29/.

- A systematized design basis of the described type js now successive-
1y produced. A fragmentary example is shown in Fig. 12, giving the maxi-
mum temperature in different points of a concrete beam of rectangular
cross section fire exposed from below on three surfaces™. The fire ex-
posure is characterized by complete gastemperature-time curves according

*From a design basis, computed by Uif Wickstrtm, for a manual, to be
edited by the National Board of Physical Planning and Bu1]éing in Sweden.



Fire Engineering Design 419

to Fig. 9, differentiated with respect to the fire load density g and
the opening factor Ah/A. of the fire compartment.

Mechanical Properties and Structural Behaviour at Fire Exposure

A transfer of the transient temperature fields of a fire exposed
concrete structure to data on the structural behaviour and load-bearing
capacity requires an advanced knowledge on the strength and deformation
properties of concrete and reinforcing steels in the temperature range
associated with fires.

Comparatively detailed information then is available for some
types of reinforcing steels, as concerns stress-strain relation. short-
time creep, and residual str ngth /30, 31, 32, 33/.

For concrete, the deformation behaviour at elevated temperatures
is much more complicted than for the reinforcement /15, 34/. The various
sources of deformation are controlled by a Targe number of variables and
and the different types of deformation are not independent of each other.
The strain increment in a certain moment depends on the preceding stress
and temperature histories.

The possibility of applying an ultimate Toad approach on those types
of fire exposed concrete structures, for which the concrete component
has a decisive influence, depends on whether the deformability of heated
concrete is sufficient for the redistribution of stresses to take place.
Another essential aspect in this connection is the definition of the
yltimate stress, since this guantity depends on the previous stress
history. In /34/ it is suggested that for ordinary application the ul-
timate stress might be determined from tests, where the specimens are
first lcaded to certain stress levels and then heated until failure
occurs.

An accurate analysis of the mechanical behaviour of a fire exposed
concrete structure implies that the constitutive relations between
stresses and strains are known, the time-dependent behaviour included.
In comparison with metailic or ceramic materials, stressed concrete
then presents special difficulties in that respect that during the first
heating considerable defermations develop which do not occur at sta-
bilized temperature.

The first formulation of a realistic constitutive eguation for con-
crete under transient, high-temperature conditions was published by
Thelandersson /35/ for concrete in pure torsion. The constitutive equa-
tion was derived in terms of the strain components: instantaneous
stress-related strain, constant temperature creep strain, and transient
strain. The instantaneous stress-related strain is based on stress-
strain relations obtained under constant, stabilized temperature. The
constant temperature creep is the time dependent strain measured under
constant stress and temperature. The third component, the transient
strain, is developed only {if the temperature increases in the concrete
under Tcad. Ordinariily, then the transient strain constitutes the major
part of the total deformation. :
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A corresponding, computer-oriented, constitutive model for fire
exposed concrete in uniaxial compression is derived by Anderberg and
Thelandersson in /36/. The total deformation is expressed in terms of
thermal strain, including shrinkage, instantaneous stress-related
strain, and transient strain and parameter formulations are made for
each of the strain components on the basis of test results. This model
is more complex than that corresponding to torsion due to the influence
of stress and temperature history on the behaviour. Partly, this is
expressed in the model by the interdependence between the instantaneous
stress-related and the transient strain components.

From the present state of knowledge, as concerns the mechanical
properties of concrete and reinforcing steels at transient temperature
conditions, it follows, that such phenomena easily can be predicted
for fire exposed concrete structures, for which the strength and defor-

~mation properties of the reinforcement constitute the decisive failure
criterion. This applies to the ultimate moment capacity of simply
supported beams and slabs of reinforced and prestressed concrete. The

. transfer from temperature to Toad-bearing capacity in the hot state

then can be done via Fig. 13 /37/, giving the decrease in strength,
caused by heating, in some typical reinforcement and prestressing steels.
Other types of faiiure - as shear, bond and anchorage failures - have
not been the subject of any systematic studies in comnection with fire
and little is known about them at present.

For fire exposed, continuous beams and slabs it seems justified to
assume that the 1imit state theory can be applied in many cases /38, 39/
It should be noted, however, that the rotations induced by thermal
‘gradients are considerable and the rotaticn capacity required for a
complete redistribution of moments therefore can be greater than at
ambient conditions. The infiuence of thermal exposure on the rotation
capacity of concrete structures has not yet been systematically studied.
In continuous beams, exposed to fire from below, portions with negative
moments will be affected by the fire mainly in the compression zone.
Here the possibility, that concrete failure occurs before the reinforce-
ment yields, must be considered. A comprehensive, combined theoretical
and experimental study of fire exposed concrete beams or plate strips
with rotational and axial restraint is veported. in /39/. The study
comprises a detailad analysis of the structural behaviour and load-
carrying capacity during a complete fire process, varied with respect
to the fire Toad density g and the opening factor of the fire compari-
ment AVh/At. The theoretical determination of the structural behaviour
is based on the constitutive models for concrete in compression and
reinforcing steel in tension at transient, high-temperature conditions,
derived in /35/ and /33, 39/, respectively. ) .

For non-sltender, centrically loaded columns and walls, the failure
occurs when the compressive strength of the concrete is exceeded. If
sufficient plastic deformations can develop at fire exposure, then the
ultimate state can be analyzed according to the plastic theory. At the
present stale of knowledge, it is difficult to say whether such an
assumptien 1s generally justified or not. Studies, made by Bengtsson
_/40/, indicate the validity of the assumption, as concerns a theoretical
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determination of the residual, load-bearing capacity of concrete co-
Tumns after fire, Fig. 14.

Also for more complicated applications, for instance a theoretical
analysis of the structural behaviour of fire exposed concrete frames,
mathematical models and connected computer programs are available /15,
41, 42/. The most comprehensive program is that presented in /43/, which
is capable of providing a broad spectrum of response data, including
the time history of displacements, internal forces and moments, stresses
and strains in concrete and in steel reinforcement, as well as the
current states of concrete with respect to cracking or crushing and
steel reinforcement with respect to yielding. Instability phenomena
and second order effects are not included in the program.

Spalling

An additional factor of uncertainty in an analysis of a fire ex-
posed concrete structure is the spaliing phenomenon. When the spalling
occurs, the geometry of the structure is changed and the temperature
will increase more than expected from the calculations, based on the
original geometry. The spalling may also directly infiuence the struc-
tural behaviour. Hemce, a special estimate must be made, as regards
the risk of spalling, which constitutes an additional problem in the
application of an analytical differentiated design. It should be noted,
however, that the same problem alsc is inherent in the conventional
schematic design procedure, related to classification systems.

By experience it is known that the disposition of concrete to
spalling increases -
at high moisture content,
at presence of compressive stresses from exterior loading or prestress,
at high rate of temperature increase,
at highly unsymmetrical temperature distribution,
at thin walled cross sections, and '
at high percentage of reinforcement.

The risk of spalling is greater for concrete with wuartz aggregate
than with, for instance, Timestone aggregate. An increase of the air
content of the concrete gives an improved resistance against spaliing.
Primarily, spaliing is caused by one or severail of the following
mechanisms /43, 44, 45/:

(1) Vapour pressure due to vaporization of moisture in the material,
(2) thermal stresses due to restrained temperature deformations, in-
cluding restraint stresses from difference in thermal elongation of
concrete and reinforcement,

{3) structural disintegration of the aggregate.

In order to prevent the occurence of spalling, the diagram in Fig.
15 can be used as a simple guidance in the design /45/. The diagram
is based on extensive experimental studies covering a wide region of
variations with respect to concrete quality and temperature exposure.
The diagrams gives a borderline, determined by the maximum stress ¢,
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from exterior. Toading and. prestress and by the cross section width b
or web thickness t. Above this bordertine a destruction by spalling
probably will eccur at a fire exposure, and below, the structure will
be safe with regard to spailing. The results are directly valid for
concrete structures with & Tow percentage of reinforcement. An increase
of the percentage of reinforcement results in an increased risk of
spailing,

STRUCTURAL SAFETY OF FIRE EXPOSED CONCRETE STRUCTURES

Recent developments in the theory and practical application of pro-
babilistic methods and structural safety have been very rapid. As one
example on this, it can be mentioned that the new "Draft Code for
Loading Regulations”, issued by the Nordic Committee for Building
Regulations (NKB), explicitly permits structural design to be based on
measurements and concepts evaluated directly within & probabilistic
framework. On the other hand, many areas exist where the complexity of
the situation has impeded any attempt of non-deterministic analysis.
One prominent example concerns the field of fire ekposed structures or
structural members. To the authors knowledge, the only paper discus-
sing the application of reliabiiity based design methods in this con-
rection is /13/. This paper is exclusively concerned with insulated
steel structural components, but the structure of the developed metho-
dology for & systematized safety analysis is quite general and appli-
cable to a wide class of Icad-bearing structures or structural members.
The procedyre is connected to the basic probabilistic concents used
in normal structural design, as explained and derived in /46/.

A safety analysis of fire exposed, load-bearing concrete structures
way have several different basic aims /13, 47/:

(1) to provide & systematized scheme for coordinating reported infor-
mation about uncertainty and information about structural behaviour
into a stochastic model, describing the resistance function R and the
1oad effect function §, -

(2) to evaluate from this model quantitative measures, e.g. in form of
a safety index g, of the structural safety of the building component
exposed to a fully developed compartment fire, and

(3) to demonstrate that for a proposed reliability-based design the
code parameters, e.g. the safety indices, may be selected to match the
. safety level of current design.

A ratiemal attempt to calculate the structural reliability of 2
Toading situation with so many stochastic parameters, many of whom are
interdependent in & complex manner, must have one fundamental -basis:
an analytical or mathematical deferministic model, yielding at least
a rough description of the different physical phenomena. This analyti-
cal or design theory forms the skeleton, in relation to which all
available statistical information should be evaluated. The analytical
design scheme according to Fig. 3 fulfils this requirement. In addi-
tien, such a design scheme also is giving an indication of the dif-
ferent component variabilities lumped together in the load-carrying
capacity Rq and the Toad effect term S54.
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Broadly speaking, the uncertainty in Ry may be grouped into the
fallowing categories /13, 47/:

- scatter in material properties,

- variability due to fabrication and workmanship error,

- uncertaipties in the mathematical modeling of the physical phenomena,
as measured by laboratory tests with well known test specimen charac-
teristics (material properties, member geometry and size, structural
restraint conditions, heat transfer conditions), and

- uncertainty due to difference between idealized laboratory conditions
and actual service, "in situ", condition.

Spalling, bond, anchorage, and shear failure at fire exposure are
examples of failure modes where at present the non-deterministic charac-
teristics have to be estimated by non-anaiytical methods, for example
by coordinating tests results from the substantial amount of experi-
ments already carried out.

In /13/, the reliability levels are compared for joad-bearing
steel structures between the standard fire design procedure and the
differentiated fire engineering design method, as described in Fig. 3.
The comparison demonstrates how the flexibility of the differentiated
design method results in a drastically improved consistency for the
failure probability. The studies also emphasize that the differentiated
design method - in contrast to the standard design procedurs - has the
capability of being systematically improved as knowledge increases.
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t
Fig. 4--The principle of a differentfated definition of the
equivalent time of fire duration te, exemplified for a fire
exposed reinforced concrete structural member

1/2

164 AMhIA=002Zm
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05 0.08

04 4 q=60 Mcat! m*

g T T T dC
2 3 4 5 cm

Fig. 5--Reinforced concrete beam of rectangular cross section
with height 44.7 cm and width 22.4 cm, exposed to a fire on
three sides. Equivalent time of fire duration tp at varying
opening factor AJh/A¢ and distance d. from the layer of the
reinforcement to the 5nder‘neath side of the beam. Fire lcad
density ¢ = 60 Mcal/me, Eq. (2)
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PROBABILISTIC INFLUENCES |
¥

NOMINAL LOAD AND LOAD
FACTOR FOR FIRE LOAD —
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g
f
t =k
SIZE AND GEOMETRY & LA
OF FIRE COMPARTMENT (ﬁ"‘)f
t EQUIVALENT TIME OF
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VENTILATION CHARACTERIS-
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Fig. 7--Structural fire engineering design, based on real
fire exposure characteristics and using a roughly estimated,
equivalent time of fire duration te and an experimentally
determined fire resistance tfy as the main quantities to be
compared
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Fig. 8--Energy balance equation I¢ = It + Iy + Ip of a fire
compartment. Ig it the heat release per unit time from the
combustion of the fuel, and I, Iy and IR the quantities of
energy removed per unit time by change of hot gases against
cold air, by heat transfer to the surrounding structures, and
by radiation through the openings of the compartment. respec-
tively
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Fig. 10-~Thermal conductivity A for concrete with granite
aggregate as a function of temperature under heating and sub-
sequent cooling. Cement: aggregate 1:6, w/c = 0.7
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Fig. 1l--Enthaipy Iy per unit volume as a function of tempera-
ture for concrete with granite aggregate. @Measur‘ed curve
under cooling /26/,(2) theoretical curve /27/
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forcing steels (a), and prestressing steels (b), respectively
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A Constitutive Law for Concrete at Transient High
Temperature Conditions

By Y. Anderberg and S. Thelandersson

Synopsis: A computer-criented constitutive model for cgnerete in com-
pression, valid at first heating of concrete up to 800°C is described.
The total deformation is expressed in terms of thermal, instantaneous
stress-related, creep and transient strain components, where the tran-
sient strain is a concept introduced to describe the particular be-
haviour under changing. temperature. Comparisons with independent tests
demonstrate that the material behaviour is described in a very appro-
priate way. The model is applied in a simple example calculation,
showing that thermal stresses due to non-uniform temperature distri-
bution are very insignificant or even non-existant. Stresses due to re-
strained thermal expansion cannot in themselves contribute to com-

- pression failure of concrete.

Keywords: compressive strenath; concretes; creep properties; deforma-
tion; high temperature; strains; stress-strain relationships; fempera--
ture rise {in concrete); thermal expansion; thermal gradient; thermal
stresses
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INTRODUCTION

The recent development in fields 1ike structural fire protection
has created a need for a better understanding of the mechanical beha-
viour of concrete at high temperature (up to 600-860 C). Most experi-
mental investigations up to this date have been performed under steady
state temperature conditions, showing the effect of temperature on
strength, elastic modulus, stress-strain relation and in some cases
creep (at constant temperature). In the recent years, however, it has
become obvieus /1. 2. 3. 4, 5, 6/ that the behaviour under transient
conditions cannot be predicted from information gained in such tests.

The purpose of this paper is to formulate a computer-oriented mo-
det for the mechanical behaviour of concrete based on tests at tran-
sient as well as steady-state temperature conditions. The mode] is de-
veloped on a purety phenomenological level, but its validity is checked
against independent tests representing arbitrary stress and temperature
histories. Its intended application is for conditions typical for fire
exppsure i.e. relatively rapid heating in the temperature range up to
8007C. This means that the conditions at temperatures below 200°C,
where the influence of moisture is important, are less emphasized. A
mere appropriate modelling in this range requires that the complex in-
teraction between heat and moisture flow and its influence on the mecha-
nical behaviour should be considered. The model is alsg mainly intended
to describe the hehaviour when the concrete is heated for the first
time - as is the case for fire exposure - and is not generally applic-
able for subsequent temperature cycles, where the behaviour is essen-
tially different. :

TESTS

The material model is mainly based on tests performed by the
authars reported in detail in /6/. These tests were perfarmed on con-
¢rete cylinders having a diameter of 75 mm and 2 length of 150 mm. The
concrete was made of standard Portland cement and quartzite aggregate
in the foilowing proportions {weight units)
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Cement 1
Water 0.6
Sand ( <8 mm) 2.88
Aggregate 1.82

The specimens were tested in & small furnace placed in a testing ma-
chine producing axial compressive load. The deformations were measured
continuously with a linear motion potentiometer connected to the speci-
men with quartz tubes. The concrete cylinders were heated axisymmeiri-
cally at different constant rates and the temperature was measured with
thermocouples in the furnace and in certain points in the specimen.

The test data referred to in the following discussion originate
from this investigation unless otherwise stated, ¥When the temperature
in the specimen is specified under transient conditions - i.e. when the
temperature distribution is non-uniform - it refers to the temperature
25 mm from the central axis.

MECHANICAL BEHAVIQUR OF STRESSED CONCRETE
DURING HEATING

o When ordinary concrete is heated for the first time above 150-
-2007C, chemical decomposition - mainly dehydration - of the cement paste -
is gradualily induced. This is the most significant reason why mechanical
. properties such as strength and elastic modulus decrease with the tem-

perature. The decomposition of the cement paste due to heating is more
or less an irreversible process, which permanently brings the material
into a new state different from the eriginal state. If a piece of con-
crete is heated to a certain temperature level, which is then sustained,
the material soon attains a state of equilibrium corresponding to the
temperature in guestion. Most measurements of high-temperature mecha-
nical properties have been made under such a state of eguilibrium.

A temperature rise in the material will produce an instability
and activate the reactions responsible for the decomposition, and we
can expect that the mechanical response cof the material under stress is
considerably affected by this kind of instability. This may explain the
fact that a temperature rise accelerates the deformations under load, as
has been shown in several investigations /1, 2, 3. 4, 5, &/. This "tem-
perature change effect” has been confirmed in flexural, torsional and
compressive testing and for moderate as well as high temperatures. An
example is given in figure 1, which shows a comparison between two tor-
sional tests /4/ performed under ident{ca] temperature conditions,
heating at a constant rate of 29C-min~' from 20°¢C to 400%, followed
by stabilized temperature of about 400%C. The specimens were cylindri-
cal bars (diameter 150 mm), loaded with a constant torque equal to 30%
of the ultimate torque at ambient conditions. In the first case, curve
T, the Toad was applied after the maximum temperature had been attained,
while in the second case (curve 2} the load was applied before the heat-
ing commenced. In the second case where the specimen was subjected to
Toad while heated, very large deformations occured, mainly during the
period when the temperature was increasing.
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This effect is very pronounced at elevated temperature both in
compression and torsion, and explains why a realistic material model
cannot be based on tests performed at steady-state conditions.

The behaviour in compression under heating is illustrated in Fig.
2, /6/, showing measured strains (full 1ines) for specimens being
stressed at_different levels and heated to failure at a constant rate
of 5°C-min-1. The figure shows that the thermal expansion is strongly
reduced under stress and for a stress equal to about 40% of the ambient
temperature strength, the thermal expansion is fully compensated by the
stress induced deformation. As the temperature approaches a critical
value the compressive strain increases rapidly and finally failure
occurs. Similar results have been reported in /7/ and /8/.

Jest results of the type shown invFig. 2 are an. important key %o
the understanding of the material behaviour at transient conditions and
they are very fundamental in the formulation of the constitutive Taw.

CONSTITUTIVE LAW

Generally, the constitutive law for concrete under transient,
high-temperature conditions may be expressed as follows

e = g{o(t), T{t), o) ‘ (1)
- where

e = total strain at time t

¢ = stress

T = temperature

g = stress history

Phenomenologically, an adequate formulation is obtained if the
total strain is seen as the sum of four different strain components
each of which is connected to and correlated with a specified type of
test. Eq. {1} can thus be rewritten

€= ey {T) + 50(5, g, T) + e, (o, T, t) + Cep (o, T) (2)

cr
where
S4p = thermal strain, including shrinkage, measured on unstressed
specimens under variable temperature

o instantaneous, stress-related strain, based on stress-straim
relations obtained under constant, stabilized temperature

Eep = Creep strain or time-dependent strain measured under con-
stant, stabilized temperature
= transient strain, accounting for the effect of temperature

increase under stress, derived from tests under constant
stress and variable temperature

m
]

Ctr
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The ususal sign cenvention is used here, positive for tensile and
negative for compressive stresses and strains.

Parameter formulations for each of the strain components can be
made on the basis of test results reported by the authors and others
/5%, 6, 7, 8/. The description of the material model in this general con-
text is made for the case when the stresses are negative during the
whole history. When applying the medel in a structural analysis the be-
haviour in tension or in cases where the stresses change signs may be
described by introducing relatively simple assumptions, see /9/, which
is justified in many cases by the fact that the tensile stresses in the
concrete are comparatively insignificant for the structural behaviour.

Thermal Strain, €4

The thermal strain during heating is a simple function of tem-
perature and is directly given by the measured thermal expansion curve,
see for instance Fig. 2 (0%).

Stress-related Strain, .

_ The calculation of the stress-related sirain is based on the con-
cept that at every state a specified stress-strain relation is valid
for the material. The stress-strain relation should be such that it
approximately reflects the response of the material to a change in
stress. We know from experimental evidence that two main factors affect
the stress-strain behaviour, the current temperature and the prehistory
of stress, cf. eq. (2).

The influence of temperature is illustrated in Fig. 3, showing
measured stress-strain relations at different temperatures. The speci-
mens were unstressed during heating. It is further a well established
fact that if the concrete is subjected to stress during the period of
heating the high-temperature stress-strain relationship will be con-
siderably different. Most important is that the deformability is
smaller but a slight increase in strength is also observed.

The general description of the stress-strain envelope selected
here consists of a parabolic branch starting from the origin followed
by a linear descending branch /10/. The following three parameters are
used to describe the envelope

a, = compressive strength at the current state

= . . do _ . .
g, = strain at maximum stress (HE; = 0), termed ultimate strain
E* = sTope of descending branch

Although the high-temperature compressive strength to a certain
degree depends on the prehistory of stress it is reasonable to neglect
this and assume that o; is a unique function of temperature which can
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be determined from ordinary tests of the type shown in Fig. 3. The re-
Tation between compressive strength and temperature cbtained in the
tests performed by the authors is shown in Fig: 4.

The ultimate strain ¢y, on the other hand, is significantly affec-
ted by the prehistory of stress. This is clearly illustrated in Fig. 5
from /5/, which shows that for specimens being unstressed during heat-
ing, ey (its absolute value) increases monotonously with temperature,
while if the specimens are stressed under heating with 30% of the
strength at ambient conditions, ey is almost unaffected by the tempera-
ture rise. Accordingly, in predicting e, the infiuence of the previous
stress history must be taken into account.

The prehistory of stress at a given time is best expressed by the
accumulated transient strain, ey, See the discussion below, and we can
write

g, =gy (T, Etr) (3}

The experimental data indicate that this relationship can be reduced to
the following simple form (note that compressive strains are negative)

e = min (euo, Eu - Etr} (4)

u
where

o = the ultimate strain at ambient conditions

Eu = EU(T), the uitimate strain corresponding to e, =0, i.e.

a prehistory of stress equal to zero.

ey{T) corresponds to the curve tabelled 0% in Fig. 5. The implication
of eq. (4) is that (e,) is reduced by an amount equal to|eyn |, due to
the prehistory of stress, but is always greater than or equal to the
ultimate strain at ambient conditions, (euo).

The slope of the descending branch E* is taken to -880 MPa in-
dependent of temperature.

In a time step calcuiation the stress-related strain is given by,
cf /16/,

Loy

ey ¢ = Min [fi(qi) N E-;:-«: } , (5)
where

. stress-related strain at the time t.

o; = stress at time 1:.i

fi(oi) = stress-strain envelope valid at time t;
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permanent inelastic strain at previous time tig

™
n

elastic modulus at time ti given by Ec = 2-(uu/eu)

m
"

Eg. (5) impiies that the incremental change between two time steps is
either a loading or an unloading process, depending on the change in
stress and temperature. The permanent inelastic strain ep,i-1 is used
to determine whether unloading or loading is prevalent for the time
step.

Creep Strain, Ecp

The creep strain gcp at constant temperature and constant stress
is given in f6/

cep = By wu—u‘(’ﬁ G exp kg - (T 20) (6)
where

Ba = constant

a = stress

cu(T) = yltimate stress at current temperature

t = time |

p = éonstant

k] = cﬁnstant

7 = tempéréture_

Eq. (6) expresses the creep v.s. time for any given combination of
stress and temperature. In a general appiication with variable stress
and temperature the evaluation of ¢__ is based on the strain hardening
principle, according to a procedure” described in /6/.

Creep data reported in /6/ were correlated acsor?ing to eq (6)
giving 8, = ~0.53-10-3, p=0.5and ky = 3.04-1073 %¢~', The creep
strain component is the least important one in the model and might
be neglected if a simpler version of the model is preferred.

Transient Strain, Erp

The transient strain ¢y, develops under stress when the tempera-
ture increases and is a very important component in the strain behaviour.
Tests indicate that this strain is essentially irrecoverable and occurs
only under the first heating, cf /4/.

1t s mpossible to design tests where the transient strain can
be directly measured, but it may be evaluated from tests of the type
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shown in figure 2, as the difference between the measured total strain
e and the other three components

tr ©F 7 fth T f¢ T Ser (7)

The order of their importance can be studied from figure 6, which is
based. on the curve representing 35% load in figure 2. The predominance
of the transient strain component is obvious.

£

An analysis of the test data suitabie for this purpose /4, 5, 6,
7/ shows that ey, is approximately time invariant and can be treated as
an instantaneous response tG a temperature rise and also that it is
reasonably Tinear with stress. The accumulated transient strain for concrete
heated under constant stress o can be expressed in the simple form

epp = o+ F(T) (8)
u

where f(T) is a function of temperature. It was furthermore found that
the temperature dependence f(T) is very similar to that of the thermal
strain. We can therefore write

L9
ftr =" %2 T 5o Et (9)
Eq. (9} correlates very well with the test results shown in Fig. 2 {full
lines) and by plotting ety/{o/c,) against e h the constant ky is ob-
tained by regression to 2.35 %he degree 0¥ accuracy in the correlation
is illustrated in Fig. 2, where the broken lines correspond to the re-
sults obtained if the material model is applied on these tests. The
tests reported in /7/ and /8/ were correlated in the same way, lteading
to]the conclusion that the form suggested in ea. (9) is fully accept-
able.

In a generai application with variable stress we can use the
incremental form

z k. o« T
Bey,. = ~k; T ey (10)

Eq. {10) postulates that the increment of transient strain is directly
proportional to the current stress.

MATERIAL BEHAVIOUR UNDER COOLING

The discussion up ti11 now has been limited to the case when the
concrete is heated for the first time. In fire exposure situations we
are often interested in analysing the behaviour during the subsequent
cooling period. The knowledge of the behaviour under cooling is some-
what limited, but a relatively accurate description may still be made.
A reasonable assumption is that the prevalent stress-strain relation
during cooling is defined by the state corresponding to the previous
maximum temperature and it also seems that the transient strain in-.
crement should be equal to zero as soon as a decrease in temperature



Transient High Temperature 195

takes place. The creep strain may in view of its unimportance be eva-
luated in the same way under cooling as under heating even if there is
no evidence confirming this behaviour. The only significant problem

arises with the thermal strain as regards its degree of reversibility.

It is clear that the main part of the thermal expansion is revers-
ibTe, but the irreversible component is not insignificant for quartz
aggregate concrete heated above the quartz inversion Timit /7/. However,
as a first approximation, pending more complete experimental informa-
tion, it may be justified to assume that the thermal expansion is fully
reversible.

VALIDITY OF THE MODEL

The constitutive model described above is quantitatively developed
from four different types of experimental data each giving information
of & specific strain component. The general validity of the model can
be checked independently against other types of experiments wiht arbi-
trary load and temperature histories. :

Fig. 7 shows, the behaviour_of initially unloaded specimens, being
heated at 19C-min~! and 5°C.min~1 under fully restrained deformation
{£ = 0). The measured restraint load (full lines) obtained for this
case is compared with the results from the material model described
above (broken lines). The agreement is strikingly good for booth rates
of heating. It :could be noted that the rate of heating has no signifi-
cant influence on the results, thus confirming that the main part of
the total deformation is time invariant.

Another exampie is_shown in Fig. 8 for a test where the specimen
was heated with 59C-min~* and the load was changed stepwise according
to figure 8b. Again the model proves very reliable in predicting the
behaviour. '

EXAMPLE CALCULATIONS

To illustrate the significance of the model in 2 simple example,
it has been applied in calculating the stress distribution and defor-
mations for a circular cross section (diameter 150 mm) under sustained
axial load exposed o axisymmetrical heating. Example results of this
exercise are shown in Fig, 9 for a rapid heating chaFacterised by an
external temperature rise of approximately 8°C-min~!. The temperature
distributions at selected times are shown in Fig. 8d and the correspon-
ding stress distributions are reproduced in Fig. 8a, b and ¢ for the
three load Tevels 0, 20 and 40% respectively, referred to the strength
at ambient conditions.

In view of the large thermal gradients, a traditional stress ana-
lysis would Tead to a high concentration of stress in the outer parts
of the cylinder and a corresponding unloading of the inner core. But
this will not be the case when the real material behaviour is taken
into account. In fact, the response of the concrete is such that the
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s0 called thermal stresses will be very insignificant or even non-
existent. It can be concluded, which furthermore is indicated in
Fig. 8a, that stresses due to restrained thermal expansion cannot in
themselves contribute to compression failure of the concrete. It is
qguite obvious that an elastic stress distribution bears 1ittle re-

semblance with reality.

The stress distributions shown in Fig. 8b and c are significant
for the behaviour. At the external load ievel 40%, practically no re-
distribution of stresses takes place during the first hour, in spite
of the large temperature gradients. After about 1 h, when the tempera-
ture in the outer parts exceeds 400°C the stresses decrease in the
outer zone and increase markedly in the central core. This is simply
due to the fact that the strength falls markedly above 400°C.

At the load-Tevel 20% stresses are redistributed during the first
0.% h resulting in an increase in stress in the outer zone and a de-
crease in the central core. However, after zbout 1 hour the behaviour
in principle is similar to the one discribed at the stress-ievel 40%.

CONCLUSTONS

I. The mechanical behaviour of concrete is considerably different at
transient temperature conditions from that observed under steady-
state temperature conditions.

Z. A constitutive law valid at transient conditions can be formu-
lated in terms of four strain components, thermal strain, in-
stantaneous stress-related strain, creep strain and fransient

strain.

3. The transient strain is an important concept in the medel, accoun-
ting for the deformations occurring under stress upon a tempera-
ture rise.

4, Thermal stresses created due to restrained thermal expansion are

very significant in cencrete upon first heating and cannot in
themselves contribute to compression failure.

5. The constitutive model developed here reflects the actual beha-
viour in a very appropriate way and can easily be applied in a
computer analysis of thermally exposed structures.

6. The suggested model is especially important for problems 1ike
statically indeterminate concrete structures and slender golumns,
where an accurate estimate of the deformations is necessary.

7. The most important input of material properties in the model is
strength v.s. temperature, thermal expansion and possibly ulti-

mate strain.
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Further experimental investigations of concrete at high tempera-
tures should be of the type shown in Fig. 2, i.e. heating the

-specimens to failure under sustained stress.
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Fire-Exposed Hyperstatic Concrete Structures:
An Experimental and Theoretical Study

By Y. Anderberg

Synopsis: Analytical predictions of thermal and mechanical behaviour of
reinforced concrete structures exposed to differentiated complete fire
processes including the cooling phase are presented and verified by
tests. The modelling of the fire response comprises a heat flow ana-
Tysis in the first step and a structural analysis in the second step,
based on two separate computer programs. The evaluated structural fire
response is compared with the measured behaviour in a great number of
experimental tests in which, the fire process and the external Toad
level are widely varied. The experimental investigation refers to a
well-defined hyperstatic structure, viz. a reinforced concrete plate
strip fire-exposed on one side and completely fixed against rotation
at both ends while axial movement is free to develop. The outline of
the project is built on the philosophy of a functicnally based, dif-
ferentiated design procedure for fire exposed, Toad-carrying and
separating structures. Such a design procedure refers te performance
criteria and postulates that the real physical processes with res-
pect to fire exposure, heat transfer and structural behaviour are
predicted as far as possible.

Keywords: computer programs; fire tests; heat transfer; 1imit siate
design; ioads (forces); moments; plates (structural members); rein-
forced concrete; restraints; structural analysis; thermal properties

439



440 Andefberg
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Structural Mechanics and Concrete Construction at Lund Institute of
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INTRODUCTION

Most experimental investigations, pubiished in Titerature of fire-
exposed, reinforced and prestressed concrete structures have been per-
formed under statically determinate conditions and by the use of an
internationally standardized fire process. Additionally, the effect of
cooling, which follows a heating phase, is ignored and the objective
in most cases has heen limited to determining the fire resistance time.
Furthermore published laboratory tests on fire-exposed structures have
not hitherto been combined with a complete analytical behaviour study.
One reason for that is the lack of knowledge about the mechanical be-
haviour of different structural materials at transient, high tempera-
ture conditions. However, valuabie contributions within the fire re-
search field concerning concrete structures can be found in /1, 2, 3,
4, 5,6, 7, 8,9, 10, 11, 12, 13/.

.This paper presents a detailed analysis of the complex structural
behavicur and Toad-carrying capacity of hyperstatic concrete members,
exposed to a complete process of a fire development. The analysis con-
sists of a theoretical study, combined with laboratory tests performed
under well-defined conditions. The theoretical study comprises a cal-
culation of temperature distribution of the reinforced concrete struc-
ture, used in the experiment, and based on these temperature-time
-Tields, an evaluation of the structural response. The calculation of
structural behaviour at- -fire {s based on recently developed material
behaviour models of concrete in compression /14/ and tension /15/ va-
lid at transient as well as steady state high-temperaturé conditions. A
correspondant constitutive law is also used for the reinforcing steel.
A more thorough presentation of the whole study is given in /15/.

The experimental results on the measured behaviour verify the ana-
Tytical study for a great number of cases i.e. the fire response of
hyperstatic concrete structures is realistically predicted.

The present study can be employed for theoretical design purposes
and be systematically used for computing tables and diagrams, facili-
tating the practical design. Furthermore expensive fire testings of
structural members can be replaced by analytical predictions of ther-
mal and structural response.
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EXPERIMENTAL STUDY

The experimental part of the project is mainly focused on a funda-
mental study of the behaviour of a well-defined type of hyperstatic
structure, namely a reinforced concrete plate strip exposed to fire
on one side and completely fixed against rotation at both ends but
free to move Tongitudinally (Fig. 1).

The plate strip has a span length of 2.5 m and a tgtal tength of
3.5 m, while the cross-sectional area bxh is 0.3x0.15 mc. Furthermore
the plate strip is reinforced with 5810 XS 40 bars placed symmetri-
ca]%y at top and bottem along the strip with a concrete layer of
0.025 m.

£

The experimental investigation embraced 81 tests pervormed for
varying types of fire exposure i.e. different combinations of opening
factor (0.01 - 0.08 m!/2) and fire Toad (31 - 2010 MJ-m 2). The diffe-
rentiated fire exposure applied is in accordance with a rea] fire
situation and determined by the opening factor, AJH/A¢ (m1/2), the
fire load density g {MJ/mz of the total surrounding surface area of
the compartment), and the thermal properties of the surrounding
structures. A = opening area (mé), H = opening height (m), and A¢ =
total interior surface, bounding the compartment, opening area
included (mé). - :

One part of the investigation was devoted to a profound study of
the structural response for a pure thermal exposure. The other part
comprised a study of the simultaneous effect of an external transverse
toad consisting of two symmetrically placed concentrated iocads 0.76 m
apart, and a fire exposure. The loading leveis 1/4, 1/2, 3/4 and 1/1
of Pa11 were used, where P17 = 16 kN denotes the allowable load at
ambient conditions according to Swedish Concrete Standards. Further-
more the flexural rigidity during fire exposure was determined for
nil-toaded plate strips. As a complementary study on residual state,
the res;dual flexural rigidity and load-carrying capacity was also
measured. :

In considering the influence of differentiated fire processes and
in following the structural behavieur during a complete fire, until the
residual state of stresses and deformations is reached, the investiga-
tion reported in /15, 16/ constitutes the first systematic one of its
kind.

THEGRETICAL STUDY

Tﬁermai Analysis

The transient temperature-time fields of the fire-exposed concrete
structure are calculated in the actual application by a finite element
computer program, deveioped from a program library constructed by
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U. Wickstrom at Lund Institute of Technology. The program Tibrary
consists of a supply of permanent system routines and problem adapted
routines, which must be constructed by the user. One-dimensional, two-
dimensional and axi-symmetrical preblems with various boundary condi-
tions as prescribed heat flow, temperature and adiabatic state can be

solved,

The current program, which solves the one-dimensional case, con-
siders the temperature dependence of thermal properties, viz. thermal
conductivity and enthalpy even during a coeling phase, but disregards
the simuTtaneous moisture transport within the structure. In the
experimental jnvestigation of the plate strip the fire exposure was
unilateral and approximately symmetrical but varied longitudinally.
Therefore, the simulation of thermal exposure was divided into four
fire zones each with a characteristic temperature-time curve and owing
to symmetry only half the structure was studied. Due to the discreti-
zation of the structure into segments, where each segment has a mean
thermal exposure the heat flow in axial direction {s of secondary
importance and is therefore neglected in the calculations. The
measured temperature distribution along the plate strip on surface
and 3 cm inside the structure is given in q}g. 2 at a fire exposure,
characteriﬁed by the opening factor 0.04 m and the fire Joad
502 MJ. m~c. This diagram illustrates how the temperature outside a
mid-region is decreasing towards the supports.

The prediction of temperature distribution history for fire-
tested concrete plate strips was in all cases in a very good agreement
with measurements under heating as well as during cooling phase. As
the temperature-time fields serve as input in the structural analysis
program these have successfully contributed for further progress in
calcuTations of mechanical response.

Structural Analysis

Research contributions /14, 15, 17/ enabling the development of
functionally based, realistic behaviour models, valid for concrete at
transient thermal exposures have opened for practicaily reliable com-
putations of structural behaviour. Computer-oriented material behaviour
models of concrete and steel valid during heating and a subsequent
cooling phase taking into account the history of temperature and stress
as well as any process of unloading used in the study are here briefly
described. . '

Material Behaviour Models

The complete constitutive law of concrete in compression as well
as tension under transient high temperature conditions is developed
on a purely phenomenological level. The behaviour model for concrete
in compression is already presented in another symposium paper "A
Constitutive Law for Concrete at Transient High-Temperature Conditions",
and details behind the formulation are therefore omitted as regards
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this matter.

The total deformation is seen as the sum of four different com-
ponents and introducing &, which denotes the history of stress the
following relation is established

€= gy (T) + ec{a, a, T) + ECF(G’ T, t) + EtP(U’ T) (n
where

ec = total strain of concrete

eih: thermal strain of concrete

52 = instantaneous, stress-reiated strain of concrete

egr= creep strain of concrete

E€r= transient strain of concrete

Furthermore there exists an interrelationship between the stress-
related and the transient strain component.

In a time step calculation of the structural response at fire,
the total strain is known, which means that the instantaneous stress-
related strain is directly assessed from eg. (1). The evaiuation of
current stress is then based on a stress-strain relationship valid
at every state. The complete stress-strain lcop can be studied in
Fig. 3. On tension side relatively simple assumptions have been made
and twc linear branches have here been chosen to describe the behavioun
The slope of the second descending branch is evaluated from measured
moment-curvature relationship of a segment of the actual structure
taking into account the integrated effect of the tensile carrying
capacity between the cracks. The ynloading branch on tension side
always leads to origin or to =  (permanent inelastic strain) depen-
ding on the prehistory and any unigading process.

When tension stresses are considered the creep strain is evaluated
as in compression, but the transient strain is assumed to be zero as
experimental data are lacking.

As regards the model on compression side the reader is referred
te the aforementicned paper.

The constitutive law of steel is far from that compiicated as
concerns concrete but has a more traditional definition. Only three
companents are invoived as shown in the foilowing equation.

> (0, T, t) (?)

s s
€ = £y (T) + EU{O, T} + Ezr



444 Anderberg

where
e = total strain of steel
E§h= thermal strain of steel
52 = instantaneous, stress-related strain of steel
azr= creep strain of steel

This law is further described in /15, 18/.

Analytical Study

The structural analysis program is a modified version of "FIRES-
RC", originally constructed at University of California, Berkeley /18/.
For the present application, this version can be characterized as an
extension of the Berkeley program, recenstructed for use on a Univac
1108 Computer, which furthermore can be used aiso for frame analyses.
The program is based on a non-iinear direct stiffness formuTation
coupied with a time-step integration and functionally reliable analy-
tical modets here briefly described are utilized. The continual change
and redistribution of forces and moments in a fire-expesed hyperstatic
structure are evaluated for each time step by an iterative approach.
This approach is used to find incremental changes in deformed shape,
which resuits in equiiibrium between external and internal forces.
Secondary order effects and shear forces are not considered jn the
program.

The computer program is capable of evaluating a detailed struc-
tural behaviour and extensive comparisons with measured behaviour for
& great number of tests in terms of time-history of bending restraint
moments and deflections have verified the analytical predictiens. &
complementary test carried out on & fire-exposed, simply supported
plate strip without external lecad is also studied theoretically, and
a good agreement was attained. In view of the good agresment, Which
will be demonstrated in this paper a behaviour study of axially and
rotationally restrained plate strips at fire under external load is
furthermore made.

RESULTS

Predicted and Observed Structural Behaviour

An exampie of a temperature-time fieid calculation compared with
experimental measurements is given in Fig. 4 at six depths of the mid-
section of the fire-exposed plate strip. This fire zone is characteri-
zed by the furnace and surface temperatures also illustrated in the -2
figure and the fire exposure corresponds to a fire load, g = 502 MJ-m
and an opening factor, AVH/Ar = 0.04 (cf. Fig. 2). The calculation
agrees very well with the measurements except at temperatures below
1009C, where moisture transport disturbs the concordance. This example
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is a typical result for the calculations.

Predicted structurai response here presented is pervadingly based
on the temperature-~-time fields illustrated above. The calculation of
structural behaviour is in Fig. 5 compared with observations in terms
of the restraint bending moment and the mid-section deflection. Com-
parisons are made at these load Tevels viz. P =0, P = 1/2 - P17 and
P = P311. For the calculation of the substructured plate strip shown
in the figure the concerdance in behaviour is quite satisfactory under
heating as well as during cooling phase. At the Toad level P = Pa17 the
yield moment is reached. °

A more detailed analysis of structural response to fire is descri-
bed by the distribution of all strain components inherent in the ma-
terial behaviour model, which together constitute the evaluated behaviour
and the stress distribution. Such a strain and stress distribution is
in Fig. & reproduced for segment 5 for the test illustrated in Fig. &
and characterized by the load level P = Py17. Segment § is representa-
tive for the mid-section and the result is shown at selected times. The
total strain distribution is also indicated as a dashed line giving the
curvature of the section. Furthermore the stress distribution isaccoun-
ted both for concrete and steel subsltices. Due to the imposed thermal
gradient excessive thermai strains, which successively are compensated
by the transient strain and the creep strain, are developing in por-
tions close te¢ the fire-exposed surface. A servere degradation due to
cracking rapidly takes place inside the cross-section and after 1 hour
even subslice (%) is cracked. Consequentiy the bottom as well as the
top reinforcing bars and their thermal behaviour signify a dominating
effect on the structural response of the strip. During cooling great
stress-related positive strains develop and the curvature continues to
increase somewhat, while stresses are redistributed. The redistribution
after 4.8 hours indicate that all subslices are cracked except No.
which is transferred into compression. The detailed explanation behind
the structural respense (Fig. 5) can be found by studying the strain
and stress distribution of each section during the fire process.

Another example iljustrating the significance of the computer mo-
del is given in Fig. 7 for a simply supported plate strip solely ther-
maily exposed as in the previous example. The predicted thermal mid-
point deflection is here in an extraordinary agreement with the mea-
surements,

Further Calculations

In order to illustrate how an axial restraint added to the rota-
tional restraint on a fire-exposed plate strip changes the structural
behaviour two calculations are presented at the Toad levels P = 0 and
? = 1/2 P317. Results are reproduced in Fig. 8 as regards time-history
of thermal restraint moment, axial compression force and deflection
process at midsection. The ‘increase in thermal restrdint moment is si-
milar to comparative tests in Fig. 5, but the maximum value is here
somewhat higher. However, after 0.7 hours the behaviour is guite
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different and a sudden decrease in restraint moment is characteristic
in both cases and after 5 hours considerable positive values are
further attained. This dramatic change is owing to the axjal force,
which reaches as maximum 40% of the ultimate compressive load at am-
bient temperature. This thermal force also seems to be aimost indepen-
dent of external loading which to some extent is noticed for the de-
flection process at mid-section. The calculated time histories of re-
straint moment for the two tests are in conformity with each other and
the difference between the curves is approximately the same as the ini-
tial value due to Toad. The different mode of behaviour can be ana-
lyzed from the time-variation of the strain and stress distribution at
different cross-sections of the piate strip. An example of the stress-
distribution is in Fig. 9 given for the end and the mid-section of the
nil-loaded plate strip. The sudden decrease of restraint moment illu-
strated above is due to excesséve transient strains and the decrease in
compressive strength above 400°C for concrete layers close to the fire-
exposed surface. After 1 hour in subslice at mid-section the de-
crease in stress is obvious as a result of the aforementioned reasons.

CONCLUSIONS

I. For investigated plate strips the residual bending stiffness and
strength after fire were found to have & decrease within the
range 0-30% and 0-20% respectively, for fire loads q Tess than
1600 MJ-m~<,

2. Reliable predictions of thermal response of concrete siructures
at fire, carried cut by a finite element computer program, are
demonstrated for a great number of tests at varying fire exposure
conditions.

3. Based on predictions in 2 and functionally trustworthy anmaiytical
models of material behaviour valid at transient, high temperature
conditions computerized calculations of fire-exposed, hyperstatic
cancrete structures have been validated for a great number of
cases. The computer program used was originally developed in
Berkeley /18/.

4, HMaterial behaviour models based on expenimental data obtained at
steady state conditions applicated in the predictiocn of structural
response to fire results in unrealistically great thermal re-
straint forces and moments (if iess than yield moment} and some-
times in an erroneous collapse state.

5.  Thermal restraint forces never exceed 45% of the load-carrying
capacity at ambient conditions, in analysed fire-exposed hyper-
static concrete structures, axially restrained.

6. The influence of restraint forces and moments on the load-carry-
ing capacity of a fire-exposed, hyperstatic concrete structure de-
pends on the deformation capacity of concreteat high temperatures.



Ay

12/

/3/

/4/

/5/

16/

/77

Fire-Exposed Siructures 447

The current study indicates the limit state design to be applied
as a consequence of the fact that in no test or calculation the
rotation demand exceeded the rotation capacity. The same indjca-
tion also has been noted previously by Gustaferro /9/. For a gene-
rai conclusion, further studies are necessary.

From calculations and tests performed it seems to be justified to
treat thermal restraint forces and moments separated from those
caused by an external load, as long as the yielding moment has not
been reached at any cross-section {important cendition). The sum
of these components is approximately equal to the total forces and
moments of the structure at fire.

The present study gives a basis for a thorough understanding of
the mechanical behaviour of fire-exposed hyperstatic concrete
structures. That can be employed for theoretical design purposes
and be systematically used for computing tables and d1agrams, fa-
cilitating the practical design.
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Fi?. 2--Temperature distribution along

(a} Fire-exposed surface
(b} Bottom reinforcemenf/édepth 3 cm)

Opening factor = 0.04 m
Fire load = 502 MJ:m=2
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